We investigated the importance of neurokinin (NK)-1 receptors in epithelial injury and repair and neutrophil function. Conscious Wistar rats were exposed to 1 ppm ozone or filtered air for 8 hours, followed by an 8-hour postexposure period. Before exposure, we administered either the NK-1 receptor antagonist, SR140333, or saline as a control. Ethidium homodimer was instilled into lungs as a marker of necrotic airway epithelial cells. After fixation, whole mounts of airway dissected lung lobes were immunostained for 5-bromo-29-deoxyuridine, a marker of epithelial proliferation. Both ethidium homodimer and 5-bromo-29-deoxyuridine-positive epithelial cells were quantified in specific airway generations. Rats treated with the NK-1 receptor antagonist had significantly reduced epithelial injury and epithelial proliferation compared with control rats. Sections of terminal bronchioles showed no significant difference in the number of neutrophils in airways between groups. In addition, staining ozone-exposed lung sections for active caspase 3 showed no apoptotic cells, but ethidium-positive cells colocalized with the orphan nuclear receptor, Nur77, a marker of nonapoptotic, programmed cell death mediated by the NK-1 receptor. An immortalized human airway epithelial cell line, human bronchial epithelial-1, showed no significant difference in the number of oxidant stresspositive cells during exposure to hydrogen peroxide and a range of SR140333 doses, demonstrating no antioxidant effect of the receptor antagonist. We conclude that activation of the NK-1 receptor during acute ozone inhalation contributes to epithelial injury and subsequent epithelial proliferation, a critical component of repair, but does not influence neutrophil emigration into airways.
We investigated the importance of neurokinin (NK)-1 receptors in epithelial injury and repair and neutrophil function. Conscious Wistar rats were exposed to 1 ppm ozone or filtered air for 8 hours, followed by an 8-hour postexposure period. Before exposure, we administered either the NK-1 receptor antagonist, SR140333, or saline as a control. Ethidium homodimer was instilled into lungs as a marker of necrotic airway epithelial cells. After fixation, whole mounts of airway dissected lung lobes were immunostained for 5-bromo-29-deoxyuridine, a marker of epithelial proliferation. Both ethidium homodimer and 5-bromo-29-deoxyuridine-positive epithelial cells were quantified in specific airway generations. Rats treated with the NK-1 receptor antagonist had significantly reduced epithelial injury and epithelial proliferation compared with control rats. Sections of terminal bronchioles showed no significant difference in the number of neutrophils in airways between groups. In addition, staining ozone-exposed lung sections for active caspase 3 showed no apoptotic cells, but ethidium-positive cells colocalized with the orphan nuclear receptor, Nur77, a marker of nonapoptotic, programmed cell death mediated by the NK-1 receptor. An immortalized human airway epithelial cell line, human bronchial epithelial-1, showed no significant difference in the number of oxidant stresspositive cells during exposure to hydrogen peroxide and a range of SR140333 doses, demonstrating no antioxidant effect of the receptor antagonist. We conclude that activation of the NK-1 receptor during acute ozone inhalation contributes to epithelial injury and subsequent epithelial proliferation, a critical component of repair, but does not influence neutrophil emigration into airways.
Keywords: oxidant airway injury; neutrophil emigration; cell proliferation; neurokinin-1 receptor; nonapoptotic programmed cell death Ozone, a major component of photochemical air pollution, continues to be a significant public heath concern. The acute inhalation of ozone initiates a cascade of events that begins with the reaction of ozone with components of the fluid lining the respiratory tract. Resulting ozone reaction products in turn induce an oxidant stress on the underlying airway epithelium that eventually leads to the death of ciliated cells in the large conducting airways and terminal bronchioles and type I pneumocytes in the distal terminal bronchioles and proximal alveolar ducts (1) . Early in this cascade, oxidant-stressed epithelial cells express and release numerous mediators. These mediators include chemotactic molecules (2) that lead to a predominately neutrophilic influx that peaks 8 to 12 hours after exposure (3, 4) . Neutrophilic inflammation is followed by epithelial repair, inclusive of epithelial cell proliferation with airway basal cells and Clara cells proliferating to replace lost ciliated cells in the proximal conducting airways and terminal bronchioles, respectively (5, 6) . Type II pneumocytes are the progenitor cells for the lost type I cells in the distal terminal bronchioles and proximal alveolar ducts (7) .
Data from humans and animals indicate that ozone inhalation induces the early release of cyclooxygenase products from airway epithelial cells (8, 9) . In turn, cyclooxygenase products activate C fibers, small, nonmyelinated sensory nerves originating in the vagus nerve and terminating beneath and within the airway epithelium and around submucosal bronchial glands and blood vessels (10, 11) . C fibers induce central nervous systemmediated reflexes and also release neuropeptides upon activation, including substance P, neurokinin (NK) A, and calcitionin gene-related peptide (12) . Substance P has been shown to be increased in human nasal mucosa and airways after exposure to ozone (13, 14) .
Upon release, substance P binds primarily to NK-1 receptors (NK-1R) (15) . In turn, NK-1 receptors have been shown to be present in numerous lung structures, including the airway epithelium from the bronchi to the alveoli of guinea pigs and humans (16, 17) . Substance P, via NK-1 receptors, plays a role in regulating airway blood flow, airway smooth muscle responses, airway inflammation (18) , and epithelial migration and proliferation of cells, including tracheal epithelial cells, after injury (19) (20) (21) . Substance P induces superoxide production in neutrophils, is a chemotactic agent for human neutrophils, and primes neutrophils for response to other activating agents (22) (23) (24) . In addition, NK-1 receptor activation has been shown to initiate nonapoptotic cell death of type I alveolar cells (25) .
Using neonatal capsaicin treatment, a nonselective method of C fiber ablation and NK depletion, we have previously shown that airway C fibers modulate ozone-induced injury and repair of the distal airways. In a series of experiments, we found that rats depleted of C fibers with neonatal capsaicin treatment did not develop reflex rapid, shallow breathing, epithelial injury of terminal bronchioles was greater, and there was an uncoupling of neutrophil accumulation and other inflammatory responses from repair after ozone exposure. That is, for a given amount of epithelial necrosis, C fiber ablation had no influence on the degree of inflammation, but did modulate epithelial cell turnover and proliferative repair (26, 27) . Although clearly implicating airway C fibers and the neuropeptides they release in ozoneinduced epithelial injury and repair, interpretation of these observations are complicated by the fact that we do not know how the neonatal ablation of airway C fibers with capsaicin affects the ontogeny of the distal airway epithelium and its response to oxidant stress. In addition, neonatal capsaicin treatment is nonselective, and does not permit us to determine the role of a single neuropeptide or its receptor in ozone-induced injury and repair.
To overcome the limitations in our previous studies, and to determine the specific role that the NK-1 receptor plays in airway epithelial injury and the proliferative phase of repair after acute ozone inhalation, we administered a selective NK-1 receptor antagonist (SR140333) to rats and exposed them to 1 ppm ozone for 8 hours. Previous work in our laboratory with this model of ozone exposure in the rat has demonstrated that an 8-hour exposure to 1 ppm ozone, with an 8-hour postexposure time in filtered air, is ideal to study epithelial injury, repair, and neutrophil influx (28, 29) . SR140333 has been demonstrated to be a potent and selective NK-1 receptor inhibitor in rats, where it competitively inhibits substance P activity (30) . We labeled airway epithelium with ethidium homodimer (a marker of necrotic cells) and 5-bromo-29-deoxyuridine (BrdU; a marker of epithelial proliferation) and sampled sites along short and long airway paths using previously described techniques (31) . BrdU has been used reliably and extensively in our laboratory, and is an excellent cumulative marker of epithelial proliferation. In addition, we examined the effect of NK-1 receptor antagonism on ozone-induced airway neutrophilic influx by quantifying the number of neutrophils present in bronchoalveolar lavage (BAL) fluid and airway tissue. Our hypothesis was that blocking NK-1 receptors would inhibit epithelial proliferation after ozone exposure without affecting epithelial injury or neutrophil influx.
MATERIALS AND METHODS

Animals and Exposure
Male Wistar rats were obtained from a specific pathogen-free colony (Charles River Laboratories, Kingston, NY). Rats were immediately housed in clean stainless steel chambers upon arrival at our facility and allowed to acclimate in the chambers for at least 1 week before the start of the exposure. All protocols described were approved by the University of California, Davis, Office of Environmental Health and Safety, which is responsible for the proper care and use of experimental animals.
Role of Substance P in Epithelial Injury and Repair
Rats were randomly divided into one of three groups (n 5 8 per group): (1) ozone 1 NK-1 receptor antagonist; (2) ozone 1 saline control; or (3) filtered air 1 NK-1 receptor antagonist. On the morning of exposure, miniosmotic pumps (ALZET pump model 2001D, nominal pumping rate 8.0 ml/hour; ALZA Corp., Palo Alto, CA) were primed for 3 hours with either the NK-1 receptor antagonist (SR 140333; Sanofi-Synthelabo, Paris, France) or sterile saline. The pumps were outfitted with a polyethylene tubing catheter (inside diameter, 0.76 mm; outside diameter, 1.22 mm; Intramedic; Clay Adams, Parsippany, NJ) that delivered the compound intravenously into the right jugular vein. The NK-1 receptor antagonist (0.5 mg/ml) was delivered to the animal at 200 nM/kg diluted in sterile saline.
Rats were removed from the stainless steel exposure chamber in which they were housed and anesthetized intraperitoneally with a mixture of ketamine (100 mg/ml) and xylazine (20 mg/ml). Using sterile surgical techniques, two incisions were made: one between the shoulder blades, and one ventrally above the right jugular vein. The jugular vein was dissected out to allow for cannulation. Using blunt dissection, the skin was separated from the underlying dermis on the dorsal aspect of the torso and also circumferentially around the right side of the neck down to the incision made superior to the external jugular vein. The pump containing the antagonist or saline was placed subcutaneously between the shoulder blades, and the cannula was fed subcutaneously around the right side of the neck and then inserted into the external jugular vein. The cannula was advanced just proximal to the superior/inferior vena cava junction and held in place with silk sutures. Additional miniosmotic pumps (ALZET pump model 2ML2, nominal pumping rate 5.0 ml/hour; ALZA Corp.) were loaded with 30 mg/ml BrdU dissolved in 0.01 N NaOH and primed in 0.9% saline overnight before surgery. The BrdU miniosmotic pump was placed subcutaneously between the shoulder blades alongside that containing the receptor antagonist or saline. Incisions were closed with 7.5 mm stainless steel wound clips (Roboz Surgical Instrument Co., Inc., Gaithersburg, MD).
Rats were allowed to recover in the exposure chambers until the beginning of exposure. One hour before the beginning of exposure, each rat received a booster of 200 nM/kg of the antagonists delivered in 200 ml saline SQ. Control rats received 200 ml saline SQ. Approximately 12 hours after surgery, the rats were exposed to either 1 ppm ozone or filtered air for 8 hours, followed by an 8-hour postexposure recovery in filtered air, and remained conscious throughout the exposure as previously described (4) .
Before the start of the study, two groups of rats (sham treated, n 5 4; SR140333 treated, n 5 4) were exposed to the same ozone and treatment regimens with continual monitoring of breathing pattern to determine if the antagonists reduced respiratory frequency or increased tidal volume (VT) and, therefore, lead to an altered distribution of ozone uptake within the airway (32) . In brief, whole-body plethysmography was used to measure respiratory frequency and estimate VT as previously described (31) .
Immediately after the ozone exposure, rats were deeply anesthetized with 4% sodium pentobarbital, and the trachea was cannulated. After the chest was opened, 0.6 mM ethidium homodimer (Molecular Probes, Eugene, OR) was instilled in the lungs with gentle pressure until the lungs were just inflated. After a 15-minute incubation time in the dark, the remaining ethidium homodimer was aspirated out, and the lungs were lavaged once with warm 0.9% NaCl in water via the tracheal cannula. A cytospin sample was stained for a cellular differential of the BAL fluid. Lungs were then fixed in situ with a buffered zinc-formalin fixative (Z-fix; Anatech, Battle Creek, MI) via intratracheal instillation at 30 cm water pressure. Lungs and duodenums were stored in the same fixative for at least 24 hours before processing.
To quantify the number of proliferating epithelial cells, the left lung lobes were dissected to expose the airways, and whole mounts were stained for BrdU as previously described (31) . Stained whole mounts of duodenum served as positive control tissue. Investigators, blinded to the treatment group, used a stereomicroscope at 3150 magnification to quantify the number of ethidium-and BrdU-positive cells at nine sites along the airway tree. The positive cells were squamated and lined the airways, consistent with epithelial cells. Their epithelial morphology was subsequently confirmed with light microscopy. Five distinct airway generations were sampled: central airway, short-path proximal airway (SP PA), short-path terminal bronchiole (SP TB), long-path proximal airway (LP PA), and long-path terminal bronchiole (LP TB), as shown in Figure 3 . Counts were expressed as number of positive cells per average surface area of counting field (no./mm 2 ). Surface area of airways was estimated by measuring heights, widths, and angles of all the airway sites in rats, followed by trigonometric calculations, as described previously (31) .
Neutrophils in TBs
After whole mounts of the left lung were counted, the SP TB and LP TB from each rat were paraffin embedded. Sections (7 mm) were cut and stained with an FITC conjugate of a polyclonal rat neutrophil antibody (Accurate Chemical, Inc., Buffalo, NY). Briefly, sections were dewaxed and rehydrated following standard protocols. The sections were incubated for 30 minutes in PBS plus 6% BSA at room temperature to block any nonspecific staining. Next, sections were incubated overnight at 48C with a 1:100 dilution of the rat neutrophil antibody in PBS with 1% immunohistochemical-grade BSA (Vector Laboratories, Burlingame, CA) or PBS plus 1% BSA only as a negative control. The next morning, sections were rinsed in PBS and mounted with Vectashield (Vector Laboratories). One section from each airway of each rat was viewed on an epifluorescent microscope (MZ FLIII stereo fluorescent microscope; Leica, San Jose, CA). A semiquantitative grading scheme was used to estimate the number of neutrophils within the epithelium and surrounding interstitium. Each section was given a score quantifying the number of neutrophils. Scores were based on a 1-to-5 grading scheme, where: 1 5 no neutrophils; 2 5 1-20 neutrophils; 3 5 21-40 neutrophils; 4 5 41-60 neutrophils; 5 5 more than 60 neutrophils.
Distribution of NK-1 Receptor in Airway Epithelium
Lung lobes from rats exposed to 1 ppm ozone and filtered air were stained for the presence of NK-1 receptor. Briefly, endogenous peroxidase was blocked with 0.03% hydrogen peroxide (H 2 O 2 ) in 100% methanol for 30 minutes at room temperature. For nonspecific blocking, sections were incubated with 10% goat serum in PBS for 30 minutes at room temperature. The goat polyclonal antibody to NK-1 receptor N terminus (clone N-19; Santa Cruz Biotechnology, Santa Cruz, CA) was incubated at 1:100 to 1:250 overnight at 48C. The antibody preincubated with a blocking peptide (Santa Cruz Biotechnology) was used as a negative control. The following day, all sections were incubated with a biotinylated goat anti-rabbit antibody (Vector Laboratories) at 1:400 for 30 minutes at room temperature. Strepavidin-horseradish peroxidase (HRP) antibody (Invitrogen, Carlsbad, CA) at 1:500 was added for 30 minutes at room temperature to all sections. The slides were developed with 3-amino-9-ethylcarbazole (AEC; Invitrogen), according to the manufacturer's protocol, and counterstained with Meyer's hematoxylin (Sigma, St. Louis, MO).
Active Caspase-3 Immunohistochemistry of Terminal Bronchioles
After whole mounts of the left lung were counted, the SP TB and LP TB from each rat were paraffin embedded. Sections (7 mm) sections were cut, paraffin removed, and rehydrated routinely. Endogenous peroxidase was blocked with 0.03% H 2 O 2 in 100% methanol for 30 minutes at room temperature. For nonspecific blocking, sections were incubated with 10% goat serum in PBS for 30 minutes at room temperature. Immediately afterwards, the blocking solution was decanted and sections were incubated in a polyclonal active caspase 3 antibody (Cell Signaling, Danvers, MA) at 1:500 in PBS overnight at 48C. Negative control sections were incubated in PBS only with no primary antibody. Rat jejunum served as positive control tissue. The following day, all sections were incubated with a biotinylated goat anti-rabbit antibody (Vector Laboratories) at 1:400 for 30 minutes at room temperature. Strepavidin-HRP antibody at 1:500 was added to all sections for 30 minutes at room temperature. The slides were developed with AEC according to the manufacturer's protocol, and counterstained with Meyer's hematoxylin. Immunohistochemistry for neurokinin (NK)-1 receptor in conducting airways and terminal bronchioles of a rat exposed to filtered air and 1 ppm ozone. The distal conducting airway and terminal bronchiole from a filtered air-exposed rat shows immunoreactivity of the airway epithelium and vascular smooth muscle (A) compared with the negative control (B). Similarly, a rat exposed to 1 ppm ozone for 8 hours shows immunoreactivity in the airway epithelium and vascular smooth muscle (C) compared with the negative control (D). Scale bar 5 50 mm. Figure 2 . Tidal volume (VT) (A) and breathing frequency (B) responses in rats exposed to 1 ppm ozone for 8 hours and treated with the neurokinin (NK)-1 antagonist (squares) or vehicle (triangles). There was a significant decrease in VT and increase in breathing frequency compared with preexposure baseline and filtered air controls (data not shown) (P , 0.05). There was no difference between the NK-1 receptor antagonist and vehicle parameters exposed to ozone.
Nur77 Immunohistochemistry of Terminal Bronchioles
To assess Nur77 colocalization with ethidium homodimer-positive cells, rats were exposed for 8 hours to 1 ppm ozone, followed by an 8-hour postexposure period in filtered air. After instillation of ethidium homodimer into their airways, as previously described, the right middle lung lobe was cannulated and fixed in 1% paraformaldehyde. The lobe was dissected to expose the airways, embedded in paraffin, and sectioned. After rehydration, the sections were coverslipped with 90% glycerol in PBS, and airways were mapped and imaged for ethidium homodimer-positive cells (BX61 microscope; Olympus, Center Valley, PA). After imaging, coverslips were removed, and sections were immersed in PBS and stained for Nur77. Briefly, endogenous peroxidase was blocked with 0.03% H 2 O 2 in 100% methanol for 30 minutes at room temperature. For nonspecific blocking, sections were incubated with 10% donkey serum in PBS for 30 minutes at room temperature. The sections were incubated in 1:50 dilution of Nur77 antibody (Santa Cruz Biotechnology) overnight at 48C. Sections of rat brain were used as positive control, and rabbit IgG (Vector Laboratories) at the same concentration as that of the primary antibody was used as a negative control. The next day, all sections were incubated with a biotinylated donkey anti-rabbit antibody (Vector Laboratories) at 1:400 for 30 minutes at room temperature. Strepavidin-HRP antibody at 1:500 was added for 30 minutes at room temperature to all sections. The slides were developed with AEC according to the manufacturer's protocol, and counterstained with Meyer's hematoxylin. We then relocated the same airways and ethidium-positive cells using the map and imaged the same areas for Nur77. The two images were scaled and transformed to overlap by aligning similar structures (alveoli and blood vessels). The ethidium and AEC signals were blended in Adobe Photoshop (Adobe Systems Inc., San Jose, CA) with the use of ''apply image'' to show AEC signal in the ethidiumpositive nuclei.
Oxidant Stress in Human Bronchial Epithelial Cells after NK-1 Receptor Antagonist Treatment
An immortalized human airway epithelial cell line, human bronchial epithelial (HBE)-1, was maintained in serum-free Dulbecco's modified Eagle medium/Ham's F12 with insulin (5 mg/ml), transferrin (5 mg/ml), Figure 3 . A schematic diagram of the left lung lobe of a rat showing the short-path and long-path sample points with numbers of ethidium homodimer-and BrdU-positive epithelial cells/mm 2 for the central airway, proximal airways, and terminal bronchioles. There was a reduction of epithelial injury and proliferation in rats treated with the NK-1 receptor antagonist at each airway generation. There were significantly fewer ethidium homodimer-positive cells at the terminal bronchioles in rats treated with SR140333 (n 5 8) compared with vehicle-treated rats after ozone exposure (n 5 10) and filtered air-exposed rats administered SR14033 (n 5 4). Significantly fewer BrdU-labeled epithelial cells were present in the proximal airways and terminal bronchioles of rats treated with the NK-1 receptor antagonist (n 5 8) compared with vehicle-treated rats after ozone exposure (n 5 10) and filtered air-exposed rats administered SR140333 (n 5 4). Data points represent mean number of cells/mm 2 6 SE. *P , 0.0001 compared with all other groups. CA 5 central airway; LP 5 long path; PA 5 proximal airways; SP 5 short path; TB 5 terminal bronchioles.
epidermal growth factor (10 ng/ml), dexamethasone (0.1 mM), cholera toxin (10 ng/ml), and bovine hypothalamus extract (15 mg/ml). HBE cells were plated on chamber coverslips (Fisher Scientific, Pittsburgh, PA) and grown to confluence. Before the start of the experiment, monolayers of cells were loaded with 1 mM of the oxidant stress-sensitive dye, 5-(and 6)-chloromethyl-29,79-dicholorodihydrofluorescein diacetate (Molecular Probes) for 20 minutes at 378C in the dark. Subsequently, the monolayers were treated with 0, 1 mg/ml, 4 mg/ml, or 7 mg/ml of the SR 140333 NK-1 receptor antagonist for 30 minutes before oxidant exposure. H 2 O 2 was used as the oxidant, and each concentration of NK-1 receptor antagonist was treated with either 0, 400, or 800 mM H 2 O 2 . The cells were imaged using a DeltaVision microscope during oxidant stress in the presence of the inhibitor while being kept at 378C. Using stratified random sampling, 10 fields at 340 magnification were imaged for each condition. Oxidant stress-positive and oxidant stress-negative cells were counted using Stereology Toolbox (Davis, CA).
Statistical Analysis
For the receptor antagonist study, separate ANOVA tests were performed for the ethidium homodimer and BrdU data at each airway generation (central airway, SP PA, SP TB, LP PA, and LP TB). If there was significance indicated by the ANOVA test, an ad hoc test, the Fisher's least-significant-difference test, was performed to compare individual groups (Systat 10.0; SPSS Inc., Chicago, IL). Before determining if there were significant between-group differences in the numbers of neutrophils in lavage, an ANOVA followed by a Bonferroni comparison test was performed between all the ozone-exposed groups, and a Student's t test was performed between the two filtered air-exposed groups. Because there were no significant differences shown by these tests, the number of neutrophils in lavage was compared between the ozone-exposed groups and filtered air-exposed groups using Student's t test (Systat 10.0). Kruskal-Wallis one-way ANOVA was performed to determine if there were significant differences in neutrophil scores between rats exposed to ozone and treated with either of the receptor antagonists and saline. For the oxidant stress experiment, an overall ANOVA showed significance and was followed by a Fisher's least-significant-difference test to compare individual groups. Data points for all results represent mean values 6 SE. Results were considered significant if P > 0.05.
RESULTS
Distribution of NK-1 Receptors in Rat Lung
Using immunohistochemistry, we assessed the distribution of NK-1 receptors in rat lungs exposed to 1 ppm ozone and filtered air. Figure 1 demonstrates positive staining of the conducting and terminal bronchiole epithelium in rats. Additionally, we obtained positive staining of the smooth muscle in pulmonary arterioles.
Breathing Pattern Response to the NK-1 Receptor Antagonist
Ozone induced a significant decrease in VT and increase in breathing frequency compared with preexposure baseline and filtered air control tissues (P , 0.05). There were no differences in VT (Figure 2A ), breathing frequency ( Figure 2B ), or minute ventilation (data not shown) between treatment groups exposed to ozone. As a result of these findings, we exposed the majority of the rats studied in large exposure chambers capable of housing several rats at one time.
Diminished Epithelial Injury and Proliferation in Rats Treated with the NK-1 Receptor Antagonist
Rats were treated systemically with an NK-1 receptor antagonist to elucidate the role of substance P in airway epithelial injury and repair after ozone exposure. Immediately after the postexposure period, rats were anesthetized and ethidium homodimer-1 was instilled into their lungs through a tracheal cannula. Ethidium homodimer readily crosses cells with disrupted cell membranes. After fixation and airway dissection, ethidium-positive cells were expressed as number per surface area of airway.
As shown in Figure 3A , in the terminal bronchioles of rats exposed to ozone, there were significantly fewer ethidiumpositive cells in the rats treated with the NK-1 receptor antagonist compared with the rats treated with the saline vehicle (P , 0.02).
A cumulative label of BrdU, a thymidine analog, was used as a marker of epithelial proliferation and repair. BrdU-positive epithelial cells were also expressed as number per surface area of airway.
As shown in Figure 3B , among the groups exposed to ozone, there was significantly reduced epithelial cell proliferation in rats treated with the NK-1 receptor antagonist compared with rats treated with the saline vehicle in the proximal airway (SP PA 1 LP PA; P , 0.0002) and terminal bronchioles (SP TB 1 LP TB; P , 0.0001).
NK-1 Receptor Antagonist, SR104333, Does Not Significantly Alter Neutrophil Emigration
To determine whether substance P influenced neutrophil migration into the airways after ozone exposure, the percentage of neutrophils in BAL was compared between the groups. The only significant difference in neutrophil numbers in BAL fluid was between ozone-exposed rats and filter air-exposed rats ( Figure 4A ). There was no significant difference in the percentage of neutrophils in the lavage of rats treated with SR140333 compared with vehicle and exposed to ozone. As shown in Figure 4B , there was no significant difference in the number of neutrophils between NK-1 receptor antagonist-or vehicletreated groups exposed to ozone in the terminal bronchioles of the tissue sections. We conclude that SR140333 did not significantly affect neutrophil emigration into airways after ozone exposure.
NK-1 Receptor Antagonist, SR140333, Does Not Function as an Antioxidant
One explanation for the diminished epithelial injury when rats were treated with the NK-1 receptor antagonist is that the antagonist is an antioxidant, effectively protecting the airway epithelium from ozone exposure. We tested this hypothesis by exposing an immortalized normal HBE cell line, HBE-1, to 0, 400, or 800 mM H 2 O 2 in the presence of either 0, 1, 4, or 7 mg/ml NK-1 antagonist and the oxidant stress-sensitive dye, 5-(and 6)-chloromethyl-29,79-dicholorodihydrofluorescein diacetate. Our goal in this study was to test the antioxidant ability of SR140333 in a cell culture assay. We chose this assay and H 2 O 2 as the oxidant because we have previous experience with this system in our laboratory (2) . The number of oxidant stress-positive cells as a fraction of total cell number was determined for each condition. As shown in Figure 5 , no significant correlation was found between the oxidant stress-positive cells and the dose of NK-1 receptor antagonist. We conclude that the NK-1 receptor antagonist did not diminish epithelial injury and subsequent proliferation by reducing the oxidant stress during ozone exposure.
Ozone Does Not Induce Epithelial Cell Caspase-Dependent Apoptosis in Terminal Bronchioles
To determine whether a decrease in epithelial cell necrosis was associated with a change in apoptotic epithelial cells in SR 140333-treated rats, terminal bronchioles were stained with active caspase 3, a marker of apoptotic cells. As shown in Figure 6 , extremely rare positive airway epithelial cells were found in rats exposed to ozone and treated with both the vehicle ( Figure 6B ) and NK-1 receptor antagonist, SR140333 ( Figure 6C ). These cells were interpreted as incidental, and there were no significant difference in the number of apoptotic cells between the treatment groups. These results indicate that ozone induces a non-caspase-mediated form of cell death in airway epithelial cells.
Ethidium Homodimer-Positive Cells Colocalize with Nur77
Finally, to determine whether SR140333 protects airway epithelium from ozone-induced nonapoptotic programmed cell death (pcd), we investigated colocalization of ethidium homodimer-positive cells with Nur77, a key regulator of substance Pmediated nonapoptotic pcd in nonantagonist, ozone-exposed rats. Figure 7 demonstrates ethidium-positive cells with positive cytoplasmic staining for Nur77. This suggests that SR140333 is protective by blocking substance P binding to NK-1R and subsequent failure to induce nonapoptotic pcd.
DISCUSSION
In this article, we examine the role that NK-1 receptor plays in airway epithelial injury and proliferation during repair, and whether it modulates neutrophil emigration into airways after acute ozone inhalation. First, we demonstrate that the NK-1 receptor antagonist, SR140333, did not significantly affect the rapid, shallow breathing induced by an acute ozone exposure in Wistar rats. Second, we show that treatment with the NK-1 receptor antagonist significantly attenuated epithelial cell death in terminal bronchioles, but not in proximal airways, suggesting an airway generation-specific response in ozone-induced cell death. Third, we show that treatment with the NK-1 receptor antagonist significantly attenuated epithelial cell proliferation after acute ozone exposure in both proximal and distal airways. Fourth, the NK-1 receptor antagonist did not influence the emigration of neutrophils into airways after ozone injury. Supplementing these observations, we show that: (1) airway epithelial cells expressing NK-1 receptors are distributed down the entire length of the airway; (2) ozone-induced epithelial cell death in the terminal bronchioles occurs via a nonapoptotic mechanism; (3) the NK-1 receptor antagonist, SR140333, does not attenuate cell injury by acting as an antioxidant; and (4) ethidium-positive cells in the terminal bronchioles of ozoneexposed rats are positive for the nuclear orphan receptor, Nur77. Taken together, these data indicate that substance P acting via NK-1 receptors is an important mediator in orchestrating airway epithelial cell death and proliferation after acute ozone exposure.
We found airway generational differences in the amount of epithelial cell death and proliferation in vehicle-treated rats exposed to 1.0 ppm ozone for 8 hours followed by an 8-hour postexposure period. The highest density of dead cells was found in the terminal bronchioles (Figure 3) . Similar sitespecific differences in ozone-induced injury and repair have been previously reported (33, 34) . It has been proposed that this distribution of ozone-induced lesions is the result of numerous factors, including the distribution of ozone uptake at different airway sites, and the sensitivity of different cell types to ozoneinduced injury (33) . Previous work in our laboratory has shown that the pattern of distribution of ozone-induced airway injury is in part dependent upon the development of rapid, shallow breathing during exposure, which tends to protect the large conducting airways, but produces a more even distribution of injury in terminal bronchioles (31) . Subsequently, Alfaro and colleagues (32) demonstrated that rapid, shallow breathing results in a redistribution of ozone uptake, in part explaining the findings of Schelegle and coworkers. In the current study, we found that the selective NK-1 receptor antagonist SR140333, did not significantly affect ozone-induced rapid shallow breathing in a limited subsample of rats. Therefore, the observed decreases in site-specific, ozone-induced epithelial injury and proliferation were due to the direct effect of the antagonists, and not due to a change in the distribution of ozone uptake.
Although never directly studied, it has been assumed that ozone-induced cell death of airway epithelial cells is the direct result of oxidant damage induced by ozone and/or its reaction products. Our data show that treatment with SR140333 significantly reduced the ethidium labeling in the terminal bronchioles after ozone inhalation, indicating that NK-1 receptors play some role in mediating ozone-induced cell death. Several papers have found that NK-1 receptors contribute to cellular injury and death in various animal and cell culture models of tissue injury. SR140333 reduced the epithelial ulceration and severity of colitis and infarct volume after cerebral ischemia in rats (35, 36) . Castro-Obregó n and colleagues (37) demonstrated, in a neuronal cell line overexpressing the NK-1 receptor, that substance P induces a nonapoptotic programmed cell death. They showed that this nonapoptotic cell death involves the recruitment of a mitogen-activated protein kinase phosphorylation cascade by the scaffold protein, arrestin 2, leading to the phosphorylation of the orphan nuclear receptor, Nur77. More recently, Lucattelli and colleagues (25) have shown that bleomycin-induced cell death of type I pneumocytes in mice is dependent upon a similar NK-1 receptor-dependent pathway. It is possible that a similar NK-1 receptor-dependent mechanism contributes to the ozone-induced cell death observed in the terminal bronchioles in our rats. We assessed the amount of apoptosis using immunohistochemistry for active caspase 3, a key enzyme involved in the apoptotic pathway and an established marker of apoptotic cells in tissue. Terminal bronchioles in rats exposed to ozone and treated with both the NK-1 receptor antagonist and vehicle showed no significant number of apoptotic cells. Additionally we demonstrate that the ethidium-positive cells colocalize with Nur77 in ozone-exposed rats not treated with SR140333. Taken together, our results suggest that substance P, acting through the NK-1 receptor and Nur77, may contribute to epithelial cell death through a noncaspase 3-mediated mechanism.
Other mechanisms for this epithelial protective effect may exist. In this study, we investigated the possibility that SR 140333 could have direct antioxidant effects, thus protecting the epithelium from ozone-induced injury. We found no evidence of antioxidant effects when HBE cells were treated with 400 and 800 mM H 2 O 2 as an oxidant in the presence of a range of SR140333 levels, including those used in rats in this study.
Another potential protective effect of SR140333 may be related to its ability to block substance P-induced vasodilation and microvascular permeability (38) . Acute ozone inhalation in humans has been shown to result in the elevation in BAL fluid of several macromolecules normally restricted to the vascular compartment that may contribute to cellular injury and necrosis, including complement 3a (39) . Interestingly, Park and colleagues (40) have recently demonstrated that either depleting and/or antagonizing complement in mice significantly reduces ozoneinduced airway hyperresponsiveness. Several studies have also shown that NK-1 antagonists (including SR140333) blocks airway epithelial permeability after ozone exposure and airway hyperresponsiveness in other models, implicating a role of substance P in the induction of airway hyperresponsiveness as well (41, 42) . Blocking microvascular permeability could limit the influx of mediators to the site of ozone-induced oxidant stress, reducing the subsequent epithelial cell death. Countering this possibility is the observation of Sertl and coworkers (43) that substance Pinduced vascular permeability is limited to the large conducting airways of the rat.
Interestingly, we found a significant decrease in epithelial necrosis in the terminal bronchioles, but not in central or proximal conducting airways, of rats treated with SR140333 and exposed to ozone compared with vehicle-treated and ozone-exposed rats. This unique observation could be due to several possibilities. First, it could indicate that NK-1 receptors have a differential effect on ozone-induced injury at the different airway generations studied. This may, in part, be the result of the different cell types that are located within the proximal airways and terminal bronchioles. The epithelial populations of rat proximal bronchi are ciliated, serous, basal, and mucous cells, whereas the terminal bronchioles contain ciliated and Clara cells, and distal terminal bronchiole and proximal alveolar ducts contain type 1 and 2 pneumocytes. Although our results demonstrate that NK-1 receptors are present throughout these airways, there could be functional differences in the receptors or other mediators, which may modulate the receptors' effect on epithelial injury at these sites. Second, the delivery of SR140333 via the vasculature to the surface epithelium may differ between the airway sites studied. Third, the ethidium label is not cumulative, and we cannot rule out the possibility that epithelial injury occurs at different airway generations at different time points after ozone exposure.
SR140333 significantly attenuated ozone-induced proliferation of epithelial cells at all the sites studied. This effect is similar to the effect that substance P has on modulating the migration and proliferation of cells after the mechanical injury of tracheal epithelium (21) . Substance P stimulates proliferation and migration of guinea pig tracheal epithelial cells (19) , and works synergistically with insulin-like growth factor-1 to stimulate corneal epithelial wound healing (20, 44) . Vesely and colleagues found less BrdU incorporation in terminal bronchiolar epithelium of capsaicin-treated rats exposed to filtered air and ozone, suggesting that neuropeptides released by C fibers may modulate basal and reparative airway epithelial cell proliferation (27) . Our observations, that the NK-1 antagonist, SR140333, decreases airway cell proliferation after ozone exposure, confirms the previous findings of Vesely and colleagues (27) , and extends them to the large conducting airways examined in this study. This implies that the release of substance P from lung C fibers acts to orchestrate the proliferation of basal cells, nonciliated Clara cells, and type II pneumocytes to replace the ciliated cells and type I pneumocytes lost during and after the acute inhalation of ozone. This illustrates the need to better understand the precise mechanisms that lead to the activation of lung C fibers during acute ozone exposure. This is especially true in the terminal bronchioles, where substance P release appears to contribute to ozone-induced cell death, as well as to cell proliferation. Specifically, we propose that oxidant-stressed ciliated cells and type I pneumocytes release one or more mediators that activate lung C fibers to release substance P, and that this substance P activates cell death and proliferation pathways in the terminal bronchiolar epithelium and cell proliferation pathways in the proximal conducting airway epithelium that is in proportion to the ozone-induced oxidant stress.
Our results indicate that the NK-1 receptor antagonist did not significantly affect neutrophil emigration into airways after ozone exposure. There was no significant difference in the number of neutrophils in BAL or in terminal bronchioles of rats treated with SR140333 compared with vehicle-treated rats exposed to ozone. These observations are consistent with our previous observations in rats treated neonatally with capsaicin to ablate C fiber afferents (26) . Taken together, these results suggest that substance P is not a critical mediator for neutrophil emigration into airways after ozone injury in the rat.
Within the literature, there is some discrepancy as to the importance of substance P in neutrophil function and recruitment in different experimental models. In vitro studies show that substance P primes and activates human neutrophils for superoxide, H 2 O 2 , and nitric oxide production (23, 24) . In humans, substance P also appears to be important in neutrophil chemotaxis, mediating neutrophil binding to epithelial and endothelial cells and inducing release of cytokines, such as IL-8 (45) . NK-1 receptor knockout mice have shown the importance of substance P in mediating neutrophil accumulation in pancreatitis and inflamed skin (46, 47) .
In contrast, other papers have not substantiated the importance of substance P in neutrophil recruitment. Similar to our results with SR140333, neutrophil recruitment was not affected in a model of thermal injury in rats (48) . Roch-Arveiller and colleagues examined the response of rat neutrophils to substance P and found concentration-dependent chemotaxis only at high concentrations (10 26 -10 24 mol/liter) (49) .
In conclusion, these observations illustrate the pivotal role that the activation of C fibers, with the subsequent release of substance P, plays in the complex cascade of events that are initiated by the acute inhalation of ozone. This role is not limited to reflex responses, such as rapid shallow breathing, but includes the modulation of cellular injury and subsequent proliferation of epithelial cells during repair. Further studies need to be conducted to examine the direct and/or indirect mechanisms that contribute to this modulation of cellular injury and repair by NK-1 receptors.
